In order to achieve optimal BALSS function, preparation of porcine hepatocytes with high yield, viability, and P450 activity is known to be important. To date hepatocyte yields have varied from 0.58 x 10 1 " to 3.45 x 10 1 " and viabilities from 75% to 95% within and between laboratories, even when using the same digestion methods and procedures, indicating that hepatocyte isolation during porcine liver digestion is not fully opti mized. The aim of this work was to identify the critical parameters affecting cell recovery during porcine liver harvesting by investigating 21 variables involved in the process, including pig body and liver weight, different digestion times of perfusates, pH, a range of concentrations of sodium and chloride in EDTA, and collagenase perfusates. Univariate and multivariate analysis of a retrospective study (n = 23) revealed that low perfusate pH during the process of digestion had a positive effect on hepatocyte yield ip < 0.05), while high (relative) concentrations of sodium and chloride in the perfusates had significant negative effects on hepatocyte viability (both p < 0.05). Sodium and chloride had narrow optimal ranges for achieving a >90% viability. These findings were then tested in a prospective study (n = 10) and further verified. High hepato cyte viabilities (91.8 +1.6%, p = 0.036) and yields (2.56 + 0.48x10"') were achieved consistently, and P450IAI activity was increased after sodium and chloride concentrations and pH in the perfusates were controlled. The physiological mechanism by which sodium and chloride affects hepatocyte viability during porcine liver digestion is discussed.
INTRODUCTION
Bioartificial liver support systems (BALSS) utilizing porcine hepatocytes have shown positive results in ani mal models (15, 19, 20) . These systems have also helped maintain patients with severe liver diseases and those with fulminant hepatic failure for longer periods, thus improving the prospects of liver transplantation or al lowing time for their own liver to recover (4, 18, 25) . In order to achieve optimal BALSS function, preparation of porcine hepatocytes with high yield, viability, and P450 activity is known to be important (1, 12, 17, 24) . However, hepatocyte yields vary from 0.58 to 3.45 x 10 10 and viabilities from 75% to 95% within and be tween laboratories (6, 7, 14, 21) , even though many fac tors known to affect hepatocyte yield and viability, such as enzyme type and purity, digestion methods, perfusion pressure, etc. (1) , are carefully controlled and the same procedures are used.
Clearly, some critical variables influencing the results of porcine liver digestion are not well identified and the process is suboptimal as a result. Although high cell via bility can be achieved after poor digestion by use of a Percoll purification technique (1) , this procedure is asso ciated with extra time and high cost, and may be unnec essary if optimal digestion conditions could be defined. With this aim, we analyzed retrospectively 21 variables affecting hepatocyte yield, viability, and P450IA1 activ ity during digestion. The critical variables identified in the retrospective study were then optimized in a pro spective liver digestion series with the aim of achieving a consistent result with high hepatocyte yield, viability, and P450IA1 activity. Additionally, a three-step diges tion method and a perfusion device for a large-scale iso lation of porcine hepatocytes were developed.
MATERIAL AND METHODS

Reagents
The reagents were purchased as follows: 3-(4,5-dimethylthiazol -2yl) -5 -(3 -carboxymethoxyphenyl) -2 -(4sulfophenyl)-2H-tetrazolium, inner salt (MTS, Cat. Gl 
Perfusion Systems
The gravity (35 cm H 2 0) perfusion system developed is shown in Figure 1 .
Operation and In Situ Perfusion of Porcine Liver
All animal experimental protocols were approved by the Animal Ethics Review Committee, University of Sydney. Pig liver cells were isolated from white Landrace pigs weaned 21 days. After gaseous anesthesia (1% fluothane, 33% 0 2 , and 66% N 2 0) and with sterile tech nique, the abdomen was entered via a midline incision.
The arterial supply of the liver was divided and heparin (100 IU/kg) administered. The portal vein was cannu lated and the liver flushed in situ with 4 L of warmed (37°C) EDTA perfusate for 3-9 min. The liver was re moved, placed in a sterile container, and connected to the perfusion system to start digestion circulation (inter val between in situ perfusion and EDTA circulation time 2-9 min).
Isolation of Porcine Liver Cells
Porcine livers (n = 33) were digested by means of a three-step collagenase method at 37°C. The liver was infused with 1 L of EDTA perfusate by means of gravity 
Assessment of Cellular Viabilities
Cellular viabilities were estimated as previously re ported by trypan blue dye exclusion, and MTT qualita tive (22) and MTS quantitative (23) assays.
Assessment of P450IA1
Hepatocytes ( 
Assessment of Blood Gas and Anions of the Digestion Perfusates
Blood gas and anions of the digestion perfusates were measured once before use and 3-5 times during diges tion using a Nova Stat Profile 5 Blood Gas Analyzer.
The mean values were used in data analysis. 
Culture Condition
Freshly isolated hepatocytes were grown in DMEM supplemented with 10% FBS, 100 pg/ml penicillin, 100 pg/ml streptomycin, 650 pU/ml insulin, and 10~8 M dex amethasone in a humidified atmosphere with 5% C0 2 .
The duration of the culture was 30 min for P450IA1 assay and 60 min for MTS assay.
Experimental Design and Statistic Analysis
Twenty-one variables affecting hepatocyte yield, via bility, and P450IA1 activity during liver harvesting were investigated retrospectively (n = 23) and prospectively (n= 10).
In the retrospective analysis, correlation coefficients In the prospective study, certain variables selected by the retrospective analyses were examined in 10 liver di gestions to determine the effect of these variables in in fluencing cell yields, viabilities, or P450IA1 activities.
The results from the retrospective and prospective stud ies were compared (Student's r-test 
Multivariate
Analysis (Table 2) . Hepatocyte yield was shown to be associated positively with porcine body weight (p = 0.015) and the level of p0 2 in the collagen ase perfusate (p = 0.012) but inversely with the pH val ues of the EDTA perfusate (p = 0.008) and Ca 2+ of the collagenase perfusate (p = 0.049).
Hepatocyte viability was shown to be associated pos itively with Hank's flushing time (p = 0.017) and
Ca 2+ concentration (p = 0.025) of the collagenase perfu sate but inversely with the concentrations of sodium (p = 0.026) and chloride (p = 0.027) and p0 2 levels (p = 0.019) of the collagenase perfusate.
Hepatocyte P450IA1 activity was shown to be associ ated positively with EDTA circulation time (p < 0.0001) and chloride concentration (p< 0.0001) of the EDTA perfusate but inversely with sodium concentration of the EDTA perfusate (p = 0.002) and chloride concentration (p = 0.007) of the collagenase perfusate.
Selection and Adjustments of Variables for Use in a Prospective Study
The results of multiple linear regression were fre quently in agreement with those of correlation coeffi cients ( Table 2) . Among the variables with significant impacts on porcine liver digestion were relatively high concentrations of sodium and chloride in the perfusates.
Therefore, in the prospective study, the lower concentra tions of Na + and Cl~ (i.e., 135 and 110 mmol/L, respec tively), produced from means -SD of the retrospective study (Table 3) , were used. Pigs weighing 7-9 kg and a pH 7.2-7.3 were selected because they affected hepato cyte yield. Certain other variables including Ca 2+ con centrations and p0 2 ( Table 2) were maintained as before because they showed diverse effects.
Comparison of the Results of the Retrospective and
Prospective Studies (Table 3 
and 4)
Cell viabilities in the prospective group were higher than those of retrospective group (p < 0.05). There were no significant differences between the variables of the two groups except Na + concentration in the collagenase perfusate, Cl~ concentration in both perfusates, and in terval between in situ perfusion and EDTA circulation time ( Table 3) .
Of the 33 liver digestions, 13 had viability <90% and 20 >90%. Comparison of the two subgroups (Table 4) showed that significant differences were found only in the following variables: viabilities, Na + (EDTA perfu sate), Na + (collagenase perfusate), CP (collagenase per fusate), and interval between in situ perfusion and EDTA circulation time.
DISCUSSION
The results of both the retrospective and prospective studies showed that high (relative) concentrations of so dium and chloride in the perfusates significantly reduced hepatocyte viability during liver harvesting. The optimal ranges (Na + 130-149 and CI 103-119 mmol/L) were relatively narrow for achieving a >90% viability, an is- (13) . However, with a concentra tion of sodium of 160 mM/L in our retrospective work, porcine hepatocyte viability never reached >90%. Like others, we paid a great deal of attention to pH adjust ment of the perfusates by use of HC1 or NaOH, often producing relatively high concentrations of sodium and chloride in the perfusates. We now recognize that these high concentrations may have resulted in relatively low cell viabilities.
In recent years, a number of studies have shown that hepatocyte viability is influenced by the concentration of extracellular Na + . High levels of extracellular Na + not only cause cell damage by increasing extracellular mo larity but also by precipitating hypoxic cytoxicity. In he patocyte isolation procedures, the hepatocytes are sub jected to hypoxia (1), causing loss of ATP, in turn causing impaired Na + /K + -ATPase function. On the other hand, cellular acidosis may trigger the activation of Na7 K + exchange and Na + -HC0 3 " cotransporter, leading to Na + influx (5, 8) . That the increase of intracellular Na + caused by hypoxia is due to the extracellular Na + can be shown because omission of Na + from the incubation medium significantly decreases hepatocyte swelling and death (2, 3) .
Thus, sodium overload, which occurred in certain pig liver isolations in our retrospective study, appears to be critical for the development of hepatocyte damage (3) . Theoretically, control of Na + concentration in the EDTA perfusate would be more important for reducing cell damage during porcine hepatocyte isolation because ad dition of EDTA or EGTA (calcium chelators) in the di- 
